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Crossinhibitory Activities of Ngn1
and Math1 Allow Specification
of Distinct Dorsal Interneurons
such as Pax3, 6, and 7, Irx3, Dbx1 and 2. The combina-
tion of transcription factors present in the progenitor
cells at the different dorsoventral positions is hypothe-
sized to play a role in the types of neurons that develop
(Ericson et al., 1997; Helms and Johnson, 1998; Man-
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souri and Gruss, 1998; Briscoe et al., 2000).University of Texas Southwestern Medical Center
Transcription factors of the basic helix-loop-helix5323 Harry Hines Boulevard
(bHLH) family represent another class of genes that haveDallas, Texas 75390
provocative dorsoventral expression patterns in the
neural tube ventricular zone (for recent reviews see Guil-
lemot, 1999; Hassan and Bellen, 2000). A subset of neu-
ral bHLH factors expressed in proliferating neural pro-Summary
genitor cells include the Neurogenins 1–3 (Ngn1, Ngn2,
Ngn3), Math1, and Mash1 (Lo et al., 1991; Akazawa etDistinct classes of neurons are generated from pro-
al., 1995; Gradwohl et al., 1996; Sommer et al., 1996;genitor cells distributed in characteristic dorsoventral
Ma et al., 1997). Gene knockout studies with Ngn1, Ngn2,patterns in the developing spinal neural tube. We de-
Math1, and Mash1 have demonstrated that each offine restricted neural progenitor populations by the
these genes is required for specific subsets of neuronsdiscrete, nonoverlapping expression of Ngn1, Math1,
to form in the CNS and the PNS (Guillemot et al., 1993;and Mash1. Crossinhibition between these bHLH fac-
Ben-Arie et al., 1997; Fode et al., 1998; Ma et al., 1998).tors is demonstrated and provides a mechanism for
Overexpression studies in Xenopus embryos, mousethe generation of discrete bHLH expression domains.
retina, CNS, and P19 embryonal carcinoma cells haveThis precise control of bHLH factor expression is es-
demonstrated the ability of these bHLH factors to inducesential for proper neural development since as demon-
neurogenesis (Ma et al., 1996; Kim et al., 1997; Cepko,strated in both loss- and gain-of-function experiments,
1999; Cai et al., 2000; Farah et al., 2000; Sun et al., 2001).expression of Math1 or Ngn1 in dorsal progenitor cells
However, the precise function of the bHLH factors indetermines whether LH2A/B- or dorsal Lim1/2-express-
neuronal development, particularly in the identificationing interneurons will develop. Together, the data sug-
of downstream pathway genes, remains an opengest that although Math1 and Ngn1 appear to be re-
question.dundant with respect to neurogenesis, they have
Given the precise regional expression patterns of thedistinct functions in specifying neuronal subtype in the
bHLH factors, it is possible that they play some role indorsal neural tube.
neuronal cell-type specification. This idea was initially
addressed in Drosophila where the first members of thisIntroduction
family of factors were identified. Misexpression of the
different bHLH genes in Drosophila resulted mainly inThe vertebrate nervous system is almost completely
the ectopic development of the predicted type of neu-derived from a structure called the neural tube that forms
ron, suggesting that information for neuronal cell typeafter neural induction from the neural plate (Altman and
specification is encoded in the bHLH itself (Chien et al.,Bayer, 1984; Kandel et al., 2000). Cells of the neural tube
1996; Jarman and Ahmed, 1998). Further support forthat line the ventricle, the ventricular zone cells, are the
this idea has come from studies with vertebrate bHLH
proliferating neural stem cells that give rise to the many
factors. For example, misexpression of Ngn1 in chick
different kinds of neurons and glia of the central nervous
neural crest induced the cells to preferentially become
system. During neurogenesis, these cells exit the cell sensory neurons (Perez et al., 1999). In contrast, misex-
cycle, migrate away from the ventricular zone, and begin pression of Mash1, which is normally expressed in pro-
to express neuronal-specific genes. Combinatorial ex- genitors of the autonomic and not the sensory nervous
pression of homeodomain transcription factors, particu- system, did not drive cells into the sensory fate. Rather,
larly of the LIM homeodomain type, can be correlated Mash1 is required for noradrenergic neurons in the sym-
with distinct types of interneurons and motor neurons pathetic nervous system and locus coeruleus, sug-
in the developing spinal cord (Tsuchida et al., 1994; Liem gesting a role in specifying neurons with this neurotrans-
et al., 1997; Pfaff and Kintner, 1998; Lee and Jessell, mitter phenotype (Hirsch et al., 1998; Lo et al., 1998).
1999; Briscoe et al., 2000). Most of these factors are However, it is clear that there must be additional mecha-
not expressed until the cells have moved out of the nisms involved in specifying neuronal identity since each
ventricular zone and initiated the differentiation process. bHLH transcription factor is expressed in multiple dis-
In addition to factors that mark post mitotic populations tinct progenitors generating multiple neuronal cell types.
of cells, there are transcription factors expressed in the For example, Math1 is required for development of gran-
earlier stage proliferating cells in the ventricular zone in ule cells in the cerebellum, sensory hair cells in the inner
distinct dorsoventral patterns. Many of the factors that ear, and interneurons in the dorsal spinal cord (Ben-Arie
mark the progenitors are also homeodomain factors et al., 1997; Bermingham et al., 1999; Bermingham et
al., 2001).
Sensory interneurons are generated in the dorsal half1 Correspondence: jane.johnson@utsouthwestern.edu
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of the developing spinal neural tube. Little is known
about the functional distinctions between the different
subtypes of dorsal interneurons, and even less is known
about the progenitors within the ventricular zone that
give rise to these distinct populations. In this paper, we
define progenitor populations in the dorsal neural tube
by their expression of bHLH factors, and address the
function of these factors in the formation of specific
interneurons. The persistent expression of reporter pro-
teins driven by cell type-specific enhancers in Ngn1/
EGFP and Math1/lacZ transgenic mice revealed distinct
subclasses of dorsal interneurons defined by different
patterns of homeodomain factor expression. A role for
Math1 and Ngn1 in specifying distinct neuronal identi-
ties, within the restricted environment of the dorsal neu-
ral tube, is shown using Math1, Ngn1, and Ngn2 mutant
mouse strains, as well as ectopic expression of these
bHLH factors in chick neural tube. Crossinhibitory regu-
lation between Math1, Ngn1, and Mash1 is demon-
strated providing a mechanism for the generation of
discrete bHLH-expressing progenitor populations and
thus, the generation of distinct neuronal subtypes in the
dorsal neural tube.
Results
Mash1, Math1, and Ngn1 Mark Distinct Progenitor
Cells in the Dorsal Neural Tube
Mash1, Math1, Ngn1, and Ngn2 have domains of expres-
Figure 1. Neural Progenitors in the Dorsal Neural Tube Marked by
sion in dorsal neural progenitor cells. Comparison of the Individual bHLH Factors Math1, Ngn1, and Mash1
mRNA expression using in situ hybridization on adjacent (A and B) Computer overlays of adjacent cryosections of mouse
sections at E10.5 and E11.5 suggested that the expres- E10.5 (A) and E11.5 (B) neural tubes processed for mRNA in situ
sion domains are distinct. These data are shown as hybridization with Math1 (purple), Ngn1 (red), Ngn2 (yellow), and
Mash1 (green). Colors were artificially assigned using Adobe Pho-computer generated overlays by assigning each in situ
toshop. (C–F) Confocal images of immunofluorescence of E10.5 (Cprobe a different color (Figures 1A and 1B). From these
and E) or E11.5 (D and F) neural tubes using antibodies specific toimages, it is clear that Math1 is the most dorsally ex-
Math1 and Mash1 (red) and Ngn1 (green). The absence of yellow
pressed gene, Ngn1 and Ngn2 are adjacent to this do- cells at dorsal boundaries (C and D) and ventral boundaries (E and
main, and Mash1 is directly adjacent to the ventral F) demonstrate that each progenitor expresses only one of these
boundary of the Ngn1 domain with no boundary shared bHLH factors. Dorsal is toward the top in each panel. (Scale bars
150 m in [A], 225 m in [B], 40 m in [C]–[F]).between Mash1 and Math1. This experiment, while visu-
ally suggestive, does not address potential overlap at
a cellular level at the boundaries of the adjacent do-
mains. To directly compare the overlap at a cellular level, Identification of a Neural-Specific Enhancer 5
of the Ngn1 Genewe used immunofluorescence with Math1-, Mash1-, and
Ngn1-specific antibodies on E10.5 and E11.5 spinal neu- Due to the transient nature of expression of the bHLH
factors in progenitor cells, expression that is extin-ral tubes. Since it is clear that Math1 and Mash1 do
not share a boundary (Figure 6G), we used antibodies guished as the cells become post mitotic and differenti-
ate, it is difficult to determine the identity of the neuralgenerated in mouse to detect Math1 and Mash1 (red)
and a rabbit polyclonal antibody to detect Ngn1 (green) cell types derived from these progenitor cells. One way
to characterize the cell types developing from a particu-(Figures 1C–1F). At E10.5, the domain of Math1-express-
ing cells is more extensive than at E11.5. At both embry- lar progenitor population is the use of reporter genes
whose protein product is more stable than the endoge-onic stages, it is clear that in the spinal neural tube,
expression of Math1, Ngn1, and Mash1 define three nous protein. This strategy has been used to define
the interneurons derived from Math1 progenitors (Helmsdistinct, nonoverlapping populations of neural progeni-
tor cells. Even in the ventral neural tube where most and Johnson, 1998) and validated in a lacZ knockin of
Math1 (Ben-Arie et al., 2000; Bermingham et al., 2001).cells are Ngn1 positive, there are scattered Mash1-
expressing cells that do not express Ngn1 (Figure 1E). Here we identify sequence 5 of the Ngn1 coding region
that directs expression of a reporter gene to a subsetThis exquisite control of expression of the different
bHLH factors suggests these factors may play a role of the Ngn1 expression domains.
Two overlapping fragments of genomic DNA, 7.5 kbin the types of neurons derived from these progenitor
populations. This question, as well as the role of crossin- and 4.5 kb, encompassing 11 kb sequence 5 of the
Ngn1 coding region were individually fused 5 of BGZA,hibitory activity in setting up these patterns of expres-
sion, is addressed in the following experiments. a lacZ reporter vector (Yee and Rigby, 1993), or BG-
Crossinhibition between bHLH Transcription Factors
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Figure 2. Identification and Characterization of an Ngn1 Enhancer
(A) Diagram of the transgenic constructs tested showing the location of the Ngn1 sequences relative to the coding region. The solid line
indicates genomic regions 5 of the Ngn1 coding region. The boxed areas indicate the coding region for Ngn1 or the reporter genes BGZA
or BG-EGFP as indicated. The dashed line indicates sequence deleted in the construct. Restriction enzymes sites used to generate the
transgene constructs are shown. TgM# is the number of independent transgenic embryos assayed for each construct. The number of transgenic
embryos expressing the reporter gene at E11.5 in the specified domain is indicated. (B–D) Whole-mount TgN1-2Z embryos stained for -gal
activity at the indicated stages. (E) EGFP fluorescence in a TgN1-2G embryo. Arrowheads indicate the dorsal (B and C) and ventral (D and E)
neural tube expression. Arrows in (C) indicate bilaterally symmetric patches of expression in the hindbrain that persist from E8.5. Arrow in (D)
indicates the trigeminal ganglia (tg) expression first appearing at E11.5. Arrow in (E) indicates the expression in the olfactory epithelium (oe).
Cross-sections (F–K) or open-book preparations (L and M) of neural tubes from TgN1-2Z embryos (F and G), TgN1-2G embryos (H and I), and
Math1/lacZ;TgN1-2G (J–M). (F) Double label immunofluorescence with anti--gal (green) and anti-Ngn1 (red) showing overlap (yellow) in the
dorsal neural tube. (G) -gal staining and Ngn1 mRNA in situ hybridization showing the ventral -gal is only a subset of the Ngn1 domain
(arrowhead). Asterisk indicates axons crossing the floor plate. (H and I) EGFP fluorescence (green) with anti-Ngn1 (red) showing overlap
(yellow) dorsally and ventrally. (J–M) EGFP (green) and anti--gal (red) showing no overlap in cell bodies or axons. (L) and (M) differ in the
plane imaged through the floor plate (fp). Arrows indicate axons in the ventral funiculus and arrowheads indicate axons crossing the floor
plate. DRG, dorsal root ganglia; nt, neural tube. (Scale bars 1.2 mm in [B], 1.4 mm in [C], 1.5 mm in [D] and [E], 60 m in [F], [I], [L], and [M],
175 m in [G], 130 m in [H] and [J], and 40 m in [K]).
EGFP, an EGFP reporter vector, both using the -globin sistent with a previous report (Murray et al., 2000). In
contrast, the distal 7.5 kb consistently drove lacZ orbasal promoter. The proximal 4.5 kb had no reproducible
activity with only 1 in 16 embryos expressing lacZ in the EGFP expression to a subset of the Ngn1 expression
pattern, including regions within the midbrain, hindbrain,trigeminal ganglia and DRG (Figure 2A, TgN1-1Z). The
variable enhancer activity of this proximal region is con- and spinal neural tube, but not the forebrain (Figure
Neuron
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2A, TgN1-2Z and TgN1-2G). In addition, expression was endogenous genes both in the dorsal domain (Figures
detected in the trigeminal ganglia and olfactory epithe- 2J and 2K) and, as seen in an open book preparation,
lium but not DRG. Stable mouse lines containing TgN1- in axons that cross the floorplate (Figures 2L and 2M,
2Z or TgN1-2G were generated and examined from E8.5 arrowheads) and extend rostrally (Figures 2L and 2M,
to E12.5 (Figures 2B–2E, data not shown). Expression arrows). Taken together, these data demonstrate the
was first detected at E8.5 in two patches in the devel- Ngn1 enhancer restricts expression of a heterologous
oping hindbrain. The two hindbrain patches remain at reporter gene to Ngn1-expressing progenitors and their
E9.0, but expression expands to include midbrain and derivatives.
dorsal spinal neural tube. This expression pattern re-
mains essentially the same through E10.5, showing a Ngn1 Progenitors in the Dorsal Neural Tube Give Rise
progressive increase in expression. At E11.5, the trigem- to a Population of Dorsal Interneurons Distinct
inal ganglia and a ventral neural tube domain of expres- from Those Derived from Math1 Progenitors
sion are detected (Figures 2D and 2E, arrowheads), and In the dorsal neural tube, interneuron populations have
this persists through E12.5. Thus, the 7.5 kb sequence been defined by their expression of LIM homeodomain
directs expression of reporter genes in a subset of the factors. These include D1 (LH2A/B) (Figures 3A and 3E,
endogenous Ngn1 pattern (Sommer et al., 1996; Ma et green), D2 (Islet1), D3 (Lim1/2) (Figures 3A and 3E, red),
al., 1997). The domains not represented by the activity and D4 (Lmx1b) (Lee and Jessell, 1999; Pierani et al.,
of this regulatory sequence include the DRG, earlier 2001). Here we define a subset of the D3-, or Lim1/2-
cranial ganglia expression, and forebrain regions. expressing domain as D3A. This set of cells represents
To see if the stability of the reporter proteins could the most dorsal Lim1/2 expression domain and these
be used to identify interneuron subtypes derived from cells coexpress Brn3a (Figures 3C and 3G, pink). Brn3a
Ngn1-expressing progenitors, we examined transgene expression alone does not distinguish these defined
expression in more detail in the spinal neural tube rela- domains as it is coexpressed with LH2A/B as well (Fig-
tive to endogenous Ngn1 expression. The relationship ures 3B and 3F, turquoise). This set of markers together
between expression of the reporter genes and Ngn1 was used to define the cells derived from the dorsal
expression domains was evaluated at E10.5 and E11.5 Ngn1 progenitor population.
using immunofluorescence with a Ngn1-specific anti- We have previously shown that embryos from a
body and in situ hybridization. Expression of both re- Math1/lacZ transgenic line express lacZ in cells that
porter genes and the endogenous gene demonstrate express LH2A/B (Helms and Johnson, 1998). Here we
overlap in the dorsal neural tube (Figures 2F, 2H, and 2I) confirm this expression of LH2A/B in another Math1/
with the reporter gene expression persisting into more lacZ transgenic line containing less Math1 regulatory
mature neurons (see below). The ventral neural tube sequence (Figure 4A), and demonstrate additional over-
expression is more complex arising from differences in lap with a subset of cells expressing the POU homeodo-
the two reporters, as well as temporal differences with main factor Brn3a (Figure 4C). Expression of the Math1/
Ngn1 (Figures 2G and 2H). First, there are differences lacZ transgene does not overlap with other LIM factors
in the -gal and EGFP expression, with the -gal de- including Islet1 and Lim1/2 (Figures 4B and 4D). In con-
tected only in the most dorsal extent of the ventral do- trast, the Ngn1/EGFP-expressing cells do not coexpress
main (Figure 2G, arrowhead). This difference is difficult LH2A/B or Islet1 (Figures 4E and 4F), but they do overlap
to explain since the Ngn1 sequences included in the with Brn3a and Lim1/2 (Figures 4G and 4H). Triple fluo-
constructs are identical. The only difference in these rescence detection comparing EGFP, Lim1/2, and Brn3a
reporter constructs is the reporter gene itself and the 3
at the same time reveals that EGFP-expressing cells
processing information (see Experimental Procedures).
coexpress both Lim1/2 and Brn3a (Figure 4I, white);
Regardless of these differences, both reporters reflect
however, there are also Lim1/2 and Brn3a coexpressingat least a subset of the Ngn1 pattern. A more interesting
cells that do not express EGFP (Figure 4I, fuschia). Whileissue is the detection of -gal and EGFP proteins in
these markers do not completely distinguish the in-more mature neural cells than the endogenous Ngn1,
terneuron population derived from the Ngn1 progenitorsseen in cells as they move away from the ventricular
from other undefined interneurons, it is clear that thiszone and begin to extend axons (Figures 2F–2I). This
dorsal subset of Lim1/2 and LH2A/B can distinguish thetemporally ectopic expression of the reporter genes ad-
Ngn1/EGFP interneurons from the Math1/lacZ interneu-jacent to the Ngn1-expressing progenitors reflects more
rons. Math1 progenitors give rise to cells that coexpressmature, post mitotic cells and can be used to define the
LH2A/B and Brn3a. In contrast, Ngn1 progenitors giveneuronal types derived from the specific progenitors
rise to a subset of dorsal cells that coexpress Lim1/2(Helms and Johnson, 1998; Scardigli et al., 2001).
and Brn3a, herein called D3A.Shown above with antibodies specific to Math1 and
Ngn1, we demonstrated that the dorsal neural progeni-
Requirement for bHLH Factors in Specifyingtor cells expressing these two factors are completely
Neuronal Identity in Dorsal Neural Tubediscrete (Figure 1). To verify that the Ngn1 enhancer and
To address the function of Math1 and Ngn1 in the devel-a previously identified Math1 enhancer (Helms et al.,
opment of dorsal interneurons, we used immunofluores-2000) could regulate expression reflecting this precise
cence to examine the dorsal neural tube of Math1 (Ben-expression pattern, we crossed the Ngn1/EGFP trans-
Arie et al., 1997), Ngn1 (Ma et al., 1998), Math1;Ngn1,genic mouse with a Math1/lacZ strain and examined the
and Ngn1;Ngn2 (Fode et al., 1998) null embryos. Weoverlap in EGFP and -gal expression. Expression from
first looked broadly at the dorsal interneuron populationthe Ngn1 and Math1 regulatory sequences included in
these transgenes reflects the discrete expression of the using a general marker for these neurons, TAG-1. We
Crossinhibition between bHLH Transcription Factors
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Figure 3. Defining Dorsal Cell Type Domains with Homeodomain Protein Markers
A cross-section of an E10.5 (A–D) or an E11.5 (E–H) embryo was triple labeled with antibodies to LH2A/B (green), Lim1/2 (red), and Brn3a
(blue). Comparison of the different combinations reveals the cell types followed in this study. LH2A/B and Lim1/2 do not overlap (A and E).
However, Brn3a overlaps with both LH2A/B (B and F, turquoise) and Lim1/2 (C and G, fuschia). The diagram puts these cell populations in
context with previously defined populations and defines a dorsal subset of the D3 (Lim1/2) cells as D3A (Lim1/2;Brn3a). Scale bar is 30 m
in each panel.
detected no loss or disturbance in TAG-1 expression in normally expressing LH2A/B. In the absence of both
Ngn1 and Math1, the Lim1/2;Brn3a double positive cellsthe various single and double mutant combinations
(data not shown). Thus, the loss of Math1, Ngn1, and/or are also increased over wild-type, and there is no
Brn3a;LH2A/B domain (Figures 5I and 5L). No alterationNgn2 does not detectably perturb the formation of TAG-
1-expressing dorsal commissural interneurons. in the dorsal Islet1 staining was evident in the Ngn1/,
the Math1/, the Ngn1/;Math/, or the Ngn1;Ngn2It has recently been reported that LH2A/B-expressing
neurons are absent from the neural tube in the Math1 mutant embryos (data not shown). This result is consis-
tent with our earlier findings that the dorsal Islet1 ex-mutant (Bermingham et al., 2001). We confirm this find-
ing in E11.5 Math1 mutant embryos (Figures 5A, 5C, pressing population appears distinct from the Math1-
and Ngn1-derived neurons. In addition, in the absenceand 5K). Furthermore, we find the LH2A/B population
unchanged in the Ngn1 mutant (Figures 5B and 5K), of these bHLH factors, the neurons are not altering their
identity to the Islet1-expressing cell type.consistent with our conclusion that distinct interneuron
cell types derive from Math1 and Ngn1 progenitors.
Since we have demonstrated that at least some Lim1/ Alterations in Dorsal Interneuron Identities in the
Math1 Mutant Result from an Increase in the2;Brn3a coexpressing cells are derived from Ngn1-
expressing progenitors, we examined the Ngn1 mutant Number of Ngn1- and Ngn2-Expressing Progenitors
The expansion of the Lim1/2;Brn3a coexpressing cellsfor perturbations in this population (Figures 5F and 5G).
In the absence of Ngn1, the number of Lim1/2;Brn3a seen in the Math1 mutant suggested that Ngn1 and/or
Ngn2 progenitors might be increased. To address thiscoexpressing cells shows a consistent though subtle
decrease when compared to wild-type embryos (Figure possibility, we examined Ngn1 and Ngn2 expression by
immunofluorescence and mRNA in situ hybridization in5L). Because Ngn2 is closely related to Ngn1 and is also
expressed dorsally, it is possible that Ngn2 progenitors Math1/ embryos. Expression of both Ngn1 and Ngn2
expanded in the dorsal neural tube of Math1 mutantgive rise to the Lim1/2;Brn3a population as well. To
test this, we examined embryos lacking both Ngn1 and embryos (Figures 6A–6F). Quantification of Ngn1-
expressing cells using immunofluorescence reveals aNgn2. In this case, there is a complete loss of the Lim1/
2;Brn3a population (Figures 5J and 5L). These data dem- significant increase in the mutant versus the wild-type
(Figure 6J). The cis-regulatory sequence responding toonstrate that Lim1/2;Brn3a coexpressing cells are de-
pendent on Ngn1 or Ngn2 for development. this crossinhibitory regulation is not contained in the
Ngn1 enhancer in TgN1-2G since in the Math1 mutantSurprisingly, a dramatic alteration in the Lim1/2;Brn3a
pattern was also seen in the Math1 mutant where there is background, the Ngn1 clearly expands but expression
from the transgene does not (Figure 6I). Thus, there is anan obvious increase in cells coexpressing these markers
(Figures 5H and 5L). This results from an increase in the increase in the number of Ngn1- and Ngn2-expressing
progenitors in Math1 mutant embryos, and this expan-number of cells expressing Lim1/2 in the Brn3a domain
Neuron
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sion can explain the excess Lim1/2;Brn3a coexpressing
interneurons also seen in these mutants, consistent with
their role in specifying this cell type.
The expansion of the dorsal expression domains of
Ngn1 and Ngn2 in the absence of Math1 expression
suggests that normally Math1 restricts the dorsal
boundary of these genes. We investigated whether the
converse is also true: does the Math1 expression do-
main expand ventrally, or does Mash1 expand dorsally
in the absence of Ngn1 and Ngn2? To address this
question, we used double immunofluorescence with an-
tibodies to Math1 and Mash1 on Ngn1;Ngn2 mutant
embryos. In wild-type E11.5 embryos, the expression
domains of Math1 and Mash1 are distinct with a clear
space separating them (Figure 6G, arrowhead). In em-
bryos lacking both Ngn1 and Ngn2, the domain express-
ing Math1 is clearly expanded ventrally to the dorsal
border of the Mash1 domain (Figure 6H, arrowhead)
and the number of cells expressing Math1 is increased
(Figure 6L). Thus, it appears that Math1 and the Ngn
factors repress each other’s expression, resulting in pro-
genitors with one or the other bHLH factor being ex-
pressed.
Math1 is required for the formation of LH2A/B-
expressing neurons (Bermingham et al., 2001; Figure
5C). If Math1 is sufficient for LH2A/B expression in the
dorsal neural tube, then LH2A/B should also be ex-
panded in the Ngn1;Ngn2 double mutants. We could
not detect an increase in LH2A/B-expressing cells over
that seen in the wild-type embryos (Figures 5E and 5K).
Thus, although MATH1 is clearly required for the forma-
tion of LH2A/B expression in dorsal interneurons, it is
not an efficient inducer of ectopic LH2A/B expression
in this paradigm. However, in chick neural tube, ectopic
expression of Math1 did efficiently induce LH2A/B (see
below).
In the Math1 mutant, the transition in cell type from
LH2A/B- to Lim1/2-expressing cells could be due to
trans-differentiation of neural stem cells, or could be
due to death of the Math1 progenitors and excess prolif-
eration of the Ngn1;Ngn2 progenitors. To distinguish
between these possibilities, we looked for evidence of
excess cell death in the mutants. Using TUNEL analysis,
it is clear that there is no apparent increase in cell death
Figure 4. Colocalization of Specific Markers in the Developing Dor- in the Math1 mutant or in the Ngn1;Ngn2 double mutant
sal Neural Tube with Math1/lacZ- and Ngn1/EGFP-Expressing where a switch in the number of Lim1/2 and LH2A/B
Neurons
cells was seen (Figure 6K). The only mutant combination
Confocal images of cross-sections through the dorsal neural tubes
that has a significant increase in cell death is theof transgenic embryos processed for immunofluorescence. (A)–(D)
Ngn1;Math1 double mutant. These data suggest that inare from Math1/lacZ transgenic embryos at E10.5 (A and B) or E11.5
(C and D), and in each case, anti--gal antibody labeling is shown the absence of Math1, or Ngn1/Ngn2, there is a shift in
as green. -gal-expressing cells overlap with LH2A/B (A, red) and the identity of dorsal interneurons as defined by the
Brn3a (C, red) and thus appear yellow. -gal does not overlap with homeodomain factors Lim1/2 and LH2A/B.
Islet1 (B, red) or Lim1/2 (D, red) expressing cells. (E)–(I) are from
Ngn1/EGFP transgenic embryos at E10.5 (E and F) or E11.5 (G–I),
and in each case, EGFP is green. EGFP is not coexpressed with
LH2A/B (E, red) or Islet1 (F, red). EGFP is coexpressed with a sub- Crossinhibitory Regulation of Ngn1 and Math1
population of Brn3a cells (G, blue) and appears turquoise (arrows), The changes in bHLH expression in the mutant back-
and is coexpressed with a subpopulation of Lim1/2 cells (H, red) grounds suggest that crossinhibition is a component
and appears yellow (arrows). (I) Comparison of EGFP (green), Brn3a of bHLH gene regulation. To test this possibility, we
(blue), and Lim1/2 (red) simultaneously reveal that all three are ex-
ectopically expressed Ngn1 and Math1 by electropora-pressed in the same cells (white, arrows), but some cells coexpress-
tion in chick neural tubes. In this assay, DNA is injecteding BRN3A and LIM1/2 do not coexpress EGFP (fuschia, arrow-
into the lumen of the neural tube and electroporation ofheads). (Scale bars are 35 m except in [B] and [F] where they are
100 m). the embryo results in the DNA being taken up in the
Crossinhibition between bHLH Transcription Factors
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Figure 5. Distinct Changes in the Composition of Developing Neuronal Populations in the Dorsal Neural Tube in Math1 and Ngn1 Mutant
Embryos
Immunofluorescence in the dorsal neural tube of E11.5 wild-type (A and F), Ngn1 null (B and G), Math1 null (C and H), Ngn1 and Math1 double
null (D and I), or Ngn1 and Ngn2 double null (E and J). (A)–(E) show LH2A/B expression indicating that this population is not disrupted in the
Ngn1 or Ngn1;Ngn2 mutants but is completely lacking in the absence of Math1. (F)–(J) show double immunofluorescence for Brn3a (red) and
Lim1/2 (green). The arrows indicate Brn3a only cells (red) seen in wild-type and Ngn1 mutants is absent in Math1 and Ngn1;Math1 mutants,
and is replaced with cells coexpressing Lim1/2 and Brn3a (yellow). Note the absence of Lim1/2;Brn3a coexpressing cells in the Ngn1;Ngn2
double mutant (J). Quantification of these changes is shown in (K) and (L) and represents cell counts/section counted in 7–12 sections from
2–7 different embryos of each genotype. Standard Student’s t test was used to assess significance of changes from wild-type. *** indicates
p values 0.001. (Scale bar is 50 m).
ventricular zone cells in one half of the neural tube. An ventricular zone and move laterally in the time frame
of the assay. Nevertheless, there is a clear inhibition ofexpression construct, pMiWmyc-Ngn1, was electropor-
ated into E3 chick neural tubes and expression of Cath1 Cash1 in the ventricular zone by ectopic expression of
Ngn1 in these embryos. To further probe the mechanism(the chick Math1 homolog) assayed at E4 by immunoflu-
orescence. We rarely found a cell coexpressing Cath1 of this inhibition, we tested whether the DNA binding
activity of Ngn1 was required. Electroporation of pMiW-(detected with Math1 rabbit polyclonal antibodies) and
the ectopic Ngn1 (detected with antibodies to Ngn1 or myc-Ngn1AQ, a mutant form of Ngn1 with no DNA bind-
ing activity (Sun et al., 2001), had no inhibitory effectto the myc-tag) (Figure 7B). This is in contrast to the
many cells coexpressing Cath1 and myc when a myc- on Cath1 expression (Figures 7C and 7F). These data
demonstrate that Ngn1 inhibits the expression of Cath1control was used (Figure 7A). In addition, a decrease in
the number of Cath1-expressing cells on the electropor- and Cash1, and that this function is dependent on the
ability of Ngn1 to bind DNA.ated side was observed with myc-Ngn1 but not myc-
control electroporations, supporting a role for Ngn1 in We also tested the converse: does ectopic expression
of Math1 inhibit c-Ngn1 expression? Our Ngn1-specificinhibiting Math1 expression (Figures 7D and 7E). Since
Mash1 also shares a boundary with Ngn1, we assayed antibodies do not recognize the c-Ngn1 protein, so we
could not assess this at the single cell level as above.Cash1 expression by in situ hybridization. Like Cath1,
Cash1 expression was inhibited by ectopic Ngn1 (Figure However, in situ hybridization using c-Ngn1 probe re-
veals that in the half of the neural tube expressing ec-7K). The ectopic expression of Ngn1 is shown in neigh-
boring sections by immunofluorescence with the myc- topic Math1, there is an obvious loss of c-Ngn1 expres-
sion in both its dorsal and ventral domains (Figure 7I).tag (Figure 7K). It is clear from these panels that al-
though the DNA is taken up by ventricular zone cells, This inhibition is not specific to the bHLH sharing a
boundary with Math1 since Cash1 is also repressed inwhen high levels of Ngn1 are present, the cells exit the
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Figure 6. Crossrepressive Activity between
Math1 and Ngn1;Ngn2 Progenitor Popula-
tions
Immunofluorescence (A and B, G–I) and
mRNA in situ hybridization (C–F) in the dorsal
neural tube of E11.5 embryos wild-type (A, C,
E, and G), Math1 null (B, D, and F), Ngn1 and
Ngn2 double null (H), and TgN1-2G;Math1 null
(I). Ngn1 (A–D) and Ngn2 (E and F) expression
domains expand in the absence of Math1. (G
and H) Math1 (red) and Mash1 (green) expres-
sion in the Ngn1;Ngn2 mutant demonstrates
the expansion of the Math1 domain (arrow-
heads) in the mutant. (I) shows the expansion
of Ngn1 (red) is not mimicked by the expres-
sion of the Ngn1/EGFP transgene TgN1-2G
(green). (J)–(L) graph cell counts/section of
Ngn1-expressing cells (J), TUNEL-positive
cells (K), or Math1-expressing cells (L) in the
indicated mutants. *** indicates p values
0.001. (Scale bar is 70 m in [A]–[F] and 30
m in [G], [H], and [I]).
the Math1 electroporated embryos (Figure 7L). In con- cells (Figure 7M). And conversely, with ectopic Math1,
there is an increase in the number of LH2-expressingtrast, in control electroporated neural tubes, no change
in c-Ngn1 or Cash1 relative to the unelectroporated side cells (Figure 7O). Notably, although Math1 is ectopically
expressed across the whole dorsoventral axis, the ex-was detected (Figures 7G and 7J). In addition, each
bHLH only represses expression of the other bHLHs and cess LH2-expressing cells are restricted to the dorsal
third of the neural tube. We also examined expression ofnot themselves since in the myc-Ngn1 electroporated
neural tubes, no loss of c-Ngn1 expression was seen Lim1/2 in the electroporated neural tubes. When c-Ngn1
was inhibited in the Math1 electroporated tissue, there(Figure 7H), and in Math1 electroporated neural tubes,
Cath1 expression is actually increased (not shown). was a dramatic loss of Lim1/2-expressing cells dorsally
(Figure 7O). Conversely, when Ngn1 was ectopically ex-Thus, Ngn1 and Math1 specifically inhibit expression of
other bHLH factors when overexpressed in the neural pressed, excess dorsal expression of Lim1/2 was de-
tected (Figure 7M). Furthermore, the nonoverlappingtube.
We also used this ectopic expression paradigm to pattern of LH2A/B and Lim1/2 is retained in these neural
tubes, but the relative composition of these cell typesassess changes in expression of LH2A/B and Lim1/2 in
the chick neural tubes in response to Math1 and Ngn1. is altered with altered bHLH expression. In the mouse
dorsal neural tube, we used Brn3a to distinguish theAs predicted from data in the mutants (Figure 5), when
Cath1 is repressed in Ngn1 electroporated tissue, there most dorsal domain of Lim1/2 from more ventral expres-
sion. Brn3a was not a useful marker in the chick electro-is a dramatic decrease in the number of LH2-expressing
Crossinhibition between bHLH Transcription Factors
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Figure 7. Crossrepressive Activity of Ngn1 and Math1 when Ectopically Expressed in Chick Neural Tubes
Immunofluorescence (A–F, G–O, M–O) or mRNA in situ hybridization (G–L) on cross-sections of E4 chick neural tubes electroporated with
the indicated expression vector at E3. The arrow in each panel indicates the side taking up the electroporated DNA into the ventricular cells
of the neural tube. (A)–(C) show coexpression (yellow) of the electroporated construct detected with the myc-tag (green) with Cath1 (red) in
control and the DNA binding mutant Ngn1AQ but not Ngn1. (D–F) Ngn1, but not control or Ngn1AQ, electroporated neural tubes show a loss
of Cath1 expression. (G–I) c-Ngn1 is decreased with ectopic Math1 expression but not with ectopic Ngn1 or control. (J–L) Cash1 is decreased
with ectopic expression of both Ngn1 and Math1. (M–O) Opposite changes in the number of LH2A/B (red) and Lim1/2 (green) expressing
interneurons are shown in response to ectopic Ngn1 and Math1. The mutant Ngn1AQ has no effect on these populations. (G)–(O) demonstrate
the level of ectopic expression using myc or Math1 antibodies in nearby sections from the same embryos shown in panels (G)–(O). The myc-
control does not have a nuclear localization signal and thus appears throughout the cell. In addition, the DNA is taken up by ventricular zone
cells in this assay, but in response to high levels of the bHLH factors, the cells move laterally out of the ventricular zone (compare [G] and
[J] to [H], [I], [K], and [L]). The Math1 mouse polyclonal sera used in (I), (L), and (O) do not detect Cath1. Each panel is representative
of the phenotype seen in multiple sections from at least three electroporated embryos. (Scale bar is 50 m in [A]–[F] and [M]–[O] and 100 m
in [G]–[L]).
poration assays since excess expression of either Math1 function and gain-of-function paradigms are consistent,
and confirm the progenitor/interneuron relationships ofor Ngn1, but not the controls, resulted in a loss of Brn3a
(data not shown). Nevertheless, the results from loss-of- Math1/LH2 and Ngn1/Lim1/2.
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Discussion sion of homeodomain markers, is by a description of
their axonal projections. Using the Math1 and Ngn1 en-
bHLH Factor Expression in Dorsal Neural Tube hancers to drive reporter gene expression in transgenic
Defines Progenitors Giving Rise to Specific mice, we can distinguish two nonoverlapping popula-
Neuronal Cell Types tions of commissural interneurons. Additional commis-
The dorsal neural tube gives rise to neural crest deriva- sural interneurons have been seen in transgenic animals
tives as well as multiple sensory interneurons that con- with a Ngn2 enhancer directing lacZ expression (Sim-
nect primary sensory neurons from the periphery to mo- mons et al., 2001). Although the eventual function of
tor neurons and to higher CNS regions (Altman and the different neuronal populations from Ngn1 and Ngn2
Bayer, 1984). Five distinct classes of dorsal interneurons progenitors is unknown, the dorsal commissural in-
have been described by their expression of LIM homeo-
terneurons from Math1 progenitors have recently been
domain factors (Lee et al., 1999, 2000; Pierani et al.,
defined as those carrying proprioceptive information in2001). These interneuron populations, D1A, D1B, D2,
the spinocerebellar and cuneocerebellar pathways (Ber-D3, and D4, express LH2A, LH2B, Islet1, Lim1/2, and
mingham et al., 2001).Lmx1b, respectively. Here we define a subclass of the
D3 population, which we term D3A, characterized as
Ngn1, Ngn2, and Math1 Appear to Have Redundantthe most dorsal Lim1/2-expressing cells that coexpress
Functions in Neurogenesis but Have DistinctBrn3a.
Roles in Cell Type SpecificationExpression in the dorsal neural tube of the bHLH tran-
Loss-of-function and gain-of-function paradigms havescription factors, Ngn1 and Math1, defines progenitor
been used extensively to study the role of neural-spe-populations destined to be distinct types of neurons.
cific bHLH factors in neural development in vertebratesMath1 marks progenitors that generate LH2A/B-
and invertebrates (for reviews see Guillemot, 1999; Has-expressing interneurons, and Math1 is required for these
san and Bellen, 2000). Combining the results from loss-interneurons to form (Helms and Johnson, 1998; Lee et
and gain-of-function studies of Ngn1, Ngn2, and Math1al., 1998; Bermingham et al., 2001; Figure 5). Further-
with the timing of their expression, it is clear that themore, ectopic expression of Math1 in chick can induce
bHLH factors play a vital role in the transition from prolif-LH2 expression in the dorsal neural tube; however, it is
erating neural progenitor cells to differentiated neuronsnot sufficient to induce LH2 expression in ventral re-
in multiple discrete neuronal lineages. The expansion ofgions. This suggests that other factors, specific to dorsal
distinct bHLH factors in the different mutant back-neural tube regions, work together with Math1 to form
grounds in the absence of cell death, taken with theLH2 interneurons. Another phenotype in the Math1 mu-
wild-type appearance of the dorsal neural tube by mor-tant demonstrated here is the transition of the Math1
phology and general neural markers, suggests that Ngn1,progenitors to Ngn1/Ngn2-expressing cells that give rise
Ngn2, and Math1 may compensate for each other’s roleto D3A interneurons at the expense of LH2 interneurons.
in inducing neurons from stem cells in the dorsal neuralIn contrast, examination of the lacZ-expressing cells in
tube. The redundant function in neurogenesis betweena lacZ knockin of Math1 revealed increased overlap with
different bHLH factors suggested here was recently sug-Msx1/2, and thus suggested that at least some Math1-
gested in studies of Mash1;Math3 or Mash1;Ngn2 dou-expressing cells are becoming roof plate cells (Berming-
ble mutants (Tomita et al., 2000; Nieto et al., 2001). Inham et al., 2001). These data taken together suggest
these studies, neurogenesis was not significantly al-that in the absence of Math1, expression of markers
tered in the single mutants, but in the absence of bothnormally marking cells found at either border, roof plate
factors in different regions of the developing nervousdorsally and Ngn1/2 ventrally, expand to fill the domain.
system, there was excess gliogenesis at the expenseA newly defined cell type (D3A), which expresses
of neurogenesis. Thus, the neural bHLH factors appearLim1/2;Brn3a and accounts for the most dorsal Lim1/2
to share the function of inducing neurogenesis.domain, arises from progenitor cells expressing Ngn1
A separate aspect of bHLH factor function is their roleor Ngn2, and either Ngn1 or Ngn2 is required for these
in specifying neuronal subtype. This was first investi-cells to form. The correlation seen between the expan-
gated in Drosophila where atonal was shown to pref-sion of Ngn1- and Ngn2-expressing progenitors and the
erentially produce chordotonal neurons and achaeteincrease in the D3A interneuron population in the Math1
preferentially produced external sense organs when ec-mutant support the idea that they are sufficient for
topically expressed (Jarman et al., 1993; Chien et al.,Lim1/2 expression in the dorsal neural tube. It is surpris-
1996; Jarman and Ahmed, 1998). Furthermore, in verte-ing that the dorsal Islet1 population appears to be unaf-
brates, forced expression of Ngn1 preferentially drovefected in the Ngn1 and Ngn2 double mutants since Islet1-
neural crest cells into the sensory neuron fate (Perez etexpressing cells are completely absent in these mutants
al., 1999). These experiments clearly suggest a role forin the DRG (Ma et al., 1999), and are diminished in the
the bHLH factors in neuronal specification; however, theventral neural tube (J.E.J., unpublished). This suggests
fact that each bHLH factor is present and required forthat Ngn1 or Ngn2 combined with other factors with
multiple distinct lineages means that other factors and/differential expression in the dorsoventral axis of the
or pathways modulate this activity. By demonstratingneural tube generate multiple cell types. This is consis-
that Ngn1, Math1, and Mash1 are expressed in distincttent with conclusions from studies of Math1, and with
progenitors, and are required for the formation of defin-the fact that loss of a specific bHLH results in the loss
able interneuron populations within a relatively discreteof different types of neurons in different regions of the
environment, we demonstrate that they function in spec-nervous system.
Another way to classify neurons, other than by expres- ifying neuronal subtype in the dorsal spinal cord. Thus,
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although their role in inducing neurogenesis appears to
be a shared function, their roles in specifying neuronal
cell type are distinct.
Crossinhibitory Regulation between bHLH
Transcription Factors
Crossinhibitory regulation has just recently been shown
to play a role in boundary formation between the Class
I and Class II homeodomain factors in the ventral neural
tube (Briscoe et al., 2000). The first comparisons of
Ngn1, Ngn2, and Mash1 mRNA expression domains
Figure 8. Diagram Summarizing the Regulatory Relationships be-demonstrated sharp boundaries in multiple regions of
tween Math1, Ngn1, and Mash1 and Dorsal Interneuron Populations
the developing nervous system (Gradwohl et al., 1996;
A gradient of BMP signaling from the roof plate (RP) is suggested
Ma et al., 1997), giving rise to the suggestion that they to have differential effects on bHLH factor expression. The highest
negatively regulate each other’s expression. It has been levels of BMP signaling induce Math1, with lower levels inducing
previously reported that Mash1 expression in the dorsal Ngn1 and inhibiting Mash1 (Alder et al., 1999; Lee and Jessell, 1999;
Lee et al., 2000) (J. Timmer, C. Wang, and L. Niswander, submitted).telencephalon is increased in Ngn1;Ngn2 mutant em-
Math1 positively regulates its own expression (Helms et al., 2000),bryos, and this ectopic Mash1 expression resulted in
Ngn1 has no detectable autoregulation, and Mash1 negatively auto-ventral telencephalon markers being expressed ectopi-
regulates (Horton et al., 1999). Crossinhibitory relationships betweencally in the dorsal regions (Fode et al., 2000). In addition,
Math1 and Ngn1, and Ngn1 and Mash1 are shown. And finally,
in the absence of the roof plate, Math1 and Ngn1 expres- within the context of the dorsal neural tube, Math1 is necessary and
sion were lost and Mash1 was found to extend to the sufficient for the formation of LH2A/B interneurons, and Ngn1 is
dorsal edge of the neural tube (Lee et al., 2000). Here necessary and sufficient for the formation of a dorsal subset of
Lim1/2 interneurons. The neural cells derived from Mash1 progeni-we show at the single cell level that at least Ngn1, Math1,
tors, and the origin of Islet1 and Lmx1b interneurons is unknown.and Mash1 define distinct progenitors in the spinal neu-
ral tube with only a single factor expressed in each
progenitor cell. Indeed, even in the ventral neural tube The crossinhibitory regulation within the early neural
where Ngn1 predominates, there are scattered cells that bHLH factor family shown here suggests a mechanism
express only Mash1. We demonstrate that this pattern for how a progenitor ends up expressing only one factor,
of expression is at least in part due to an active inhibition but does not address how the overall pattern of bHLH
between this set of bHLH factors. This is supported by expression is initially set up. In the dorsal neural tube,
two separate experimental paradigms. First, in mouse BMP signaling likely plays a major role in setting up the
embryos lacking Math1, Ngn1- and Ngn2-expressing bHLH pattern. Loss of the BMP GDF7 resulted in loss
cells increase in number with no increase in apoptosis of a subset of Math1-expressing cells (Lee et al., 1998),
in this region of the neural tube. The converse is also while BMP7 induced Math1 expression in explanted in-
true, in the absence of Ngn1 and Ngn2, Math1-express- termediate regions of the neural tube (Alder et al., 1999).
ing cells increase. In a second set of experiments using
In a roof plate ablation paradigm, where BMP signaling
ectopic expression in chick neural tubes, Math1 was
is dramatically disrupted, both Math1 and Ngn1 were
sufficient to inhibit the endogenous chick bHLH factors
lost in the dorsal neural tube (Lee et al., 2000). Recently,c-Ngn1 and Cash1, and Ngn1 was sufficient to inhibit
Math1 was induced in chick neural tubes with a highthe endogenous factors Cath1 and Cash1. The inhibition
level of expression of a constitutively active BMP recep-of Cath1 by Ngn1 appears to be cell autonomous be-
tor, BMPR-Ib (J.R. Timmer and L. Niswander, submit-cause when examined at a single cell level, cells misex-
ted). In contrast, at lower levels of ectopic expressionpressing Ngn1 did not coexpress Cath1. We cannot
of BMPR-Ib, c-Ngn1 was induced. Taken together, thesemake this statement for the other inhibitory relationships
data suggest that different levels of BMP signaling havebecause single cell analysis was not performed. One
different effects on bHLH expression and this pathwayconsequence of overexpression of the neural bHLH fac-
may set up the initial pattern of bHLH expression intors is that within the 24 hr incubation, the most highly
the dorsal neural tube. Subsequently, other regulatoryexpressing electroporated cells appear to differentiate
mechanisms such as the crossinhibition presented here,as indicated by movement out of the ventricular zone
and differential autoregulation of the bHLH factors (Hor-(compare the pattern of myc-expressing cells in Figure
ton et al., 1999; Helms et al., 2000; Meredith and John-7). This alone might explain the decrease in the neural
son, 2000), modify and refine this initial pattern. A modelbHLH expression. We argue against this explanation
describing these regulatory interactions is shown in Fig-since Ngn1 and Math1 did not inhibit expression of their
ure 8.chick counterparts (c-Ngn1 and Cath1) as would be pre-
dicted if the whole effect was due to forced differentia-
Conclusiontion. In fact, Math1 actually increased expression of the
The detailed analysis of different bHLH transcriptionendogenous Cath1, consistent with the autoactivation
factors in distinct progenitor cells in the dorsal spinalpreviously reported for this bHLH factor (Helms et al.,
neural tube supports the hypothesis that each bHLH2000). Notably, these crossinhibitory phenomena ap-
has a distinct, nonredundant function in the formationpear to be between different subclasses within the bHLH
of subpopulations of neurons, and thus represents afamily. Mash1 is of the achaete/scute subclass, Math1
bHLH code for these progenitors. Given the extensiveis of the atonal subclass, and Ngn1/Ngn2 are of the
biparous/tap subclass (Hassan and Bellen, 2000). reports describing the combinatorial expression of dif-
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Mouse Math1, Mash1, Ngn1, and Ngn2, and chick Cath1, Cash1,ferent homeodomain-containing factors in these same
c-Ngn1, and c-Ngn2 antisense probes were made from plasmidsprogenitors, it is an open question whether pathways
containing the coding regions of these genes. For the compositedownstream from these different classes of transcrip-
images shown in Figure 1, mRNA in situ hybridization was performed
tion factors are functioning in parallel pathways, or using antisense probes on adjacent 30 m cryosections. Digital
whether they act in interacting pathways. Identification images of the adjacent sections were obtained and each was con-
verted to a distinct color using Adobe Photoshop. The four adjacentof downstream targets for the different transcription fac-
sections were overlaid to give a composite image.tors would begin to allow some of these questions to
be addressed.
Immunofluorescence
Immunofluorescence was performed using 30 m cryosections,Experimental Procedures
processed as above. Slides were incubated in the appropriate dilu-
tion of primary antibody in PBS/1% goat serum/0.1% triton X-100,Plasmid Descriptions
followed by either goat anti-rabbit or goat anti-mouse IgG, conju-A lambda clone from a Stratagene 129SV mouse genomic library,
gated to CY3, CY5, or FITC (Jackson Immunoresearch) or Alexacontaining approximately 11 kb of sequence 5 to the Ngn1 coding
Fluor 488 and 594 (Molecular Probes). Primary antibodies used forregion, was provided by Q. Ma and D. Anderson. TgN1-1Z contains
this study include: rabbit anti-Math1 (Helms and Johnson, 1998),a 4.5 kb XbaI/ApaI fragment immediately 5 to the Ngn1 coding
rabbit anti-Mash1 (Horton et al., 1999), mouse anti-Mash1 (Lo et al.,region, ligated into the multiple cloning site of BGZA (Yee and Rigby,
1991), L1 (rabbit anti-LH2A/B) (Liem et al., 1995), 39.4D5 (mouse1993). BGZA contains the -globin basal promoter, lacZ coding
anti-islet1), 4F2 (mouse anti-Lim1/2), rabbit anti-Brn3a (Fedtsovaregion, and SV40 polyadenylation sequences. TgN1-2Z contains
and Turner, 1997), rabbit polyclonal anti--galactosidase (5 prime-3more distal 5 sequence and was created by ligating a 7.5 kb NotI/
prime, Inc.), 40.1a (mouse monoclonal anti--galactosidase), c-mycXhoI fragment into the multiple cloning site of BGZA. The BG-EGFP
(9E10 Santa Cruz Biotechnology). The rabbit anti-Ngn1 polyclonalreporter construct replaces the lacZ reporter and SV40 polyA of
antibodies were generated against a GST fusion with the N-terminalBGZA with the EGFP coding region and bovine growth hormone
106 amino acids from mouse Ngn1, affinity purified, and tested forpolyadenylation signal from pIRES-EGFP (Clontech) by fusing the
specificity on E11.5 Ngn1 mutant neural tube sections. The mouse3.0 kb NcoI/XhoI backbone of BGZA with the 1.1 kb NcoI/XhoI
anti-Math1 polyclonal antibodies were generated by S. Miklasz, Im-fragment from pIRES-EGFP (the IRES is not included in this frag-
munological Resource Center, University of Illinois against a GSTment). TgN1-2G contains the same 7.5 kb NotI/XhoI Ngn1 sequence
fusion with the full-length mouse Math1. Fluorescence imaging wasas TgN1-2Z but ligated into the EGFP reporter BG-EGFP. Transgene
carried out on a Bio-Rad MRC 1024 confocal microscope. EGFPfragments were isolated from vector sequences and prepared for
injection as previously described (Helms and Johnson, 1998). signal was imaged using the standard FITC filter.
For expression of Ngn1 and Math1 in chick neural tube electropor-
ation assays, myc-tagged Ngn1 (Ma et al., 1996), myc-tagged null In Ovo Chick Electroporation
Ngn1, and myc-tagged Ngn1AQ mutations (Sun et al., 2001), and Fertilized White Leghorn eggs were incubated at 39C for 2 days,
BOSS-tagged Math1 (Helms et al., 2001) were subcloned into the solutions of supercoiled plasmid DNA in PBS/0.02% Trypan Blue
chick -actin expression vector pMiWIII (Muramatsu et al., 1997) were injected at E3 into the lumen of the closed neural tube and
using convenient restriction enzyme sites. electroporated as previously described (Timmer et al., 2001). 24 hr
later, E4 embryos were harvested, fixed in 4% formaldehyde 2 hr
Transgenic Mouse Generation and Analysis at 4C, rinsed in PBS, sunk in 30% sucrose, and embedded in OCT
Transgenic mice were generated by standard procedures (Hogan for cryosection. Embryos were sectioned and processed for mRNA
et al., 1986) using fertilized eggs from B6D2F1 (C57B1/6  DBA) in situ hybridization or immunofluorescence as above. For each
crosses. Transgene expression was assayed in either founder em- experiment, multiple sections from at least three electroporated
bryos (G0) or embryos obtained from established transgenic lines embryos were analyzed.
(G1) outbred with B6D2F1. Embryos were staged based on assumed
copulation at E0, halfway through the dark cycle. Transgenic animals Acknowledgments
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